Intrauterine growth restriction (IUGR) has been defined in several ways, but in general describes a condition in which the fetus exhibits poor growth in utero.
Intrauterine growth restriction (IUGR) is a poorly understood complication of pregnancy, affecting up to 10% of live-born infants. It is characterized as a rate of fetal growth less than normal for the gestational-age appropriate growth potential (84) . Quantitatively, this poor fetal growth has been defined by the American College of Obstetricians and Gynecologists as estimated fetal weight of Ͻ10th percentile for gestational age, often times with ultrasound evidence of growth deceleration late in gestation or abnormal Doppler indexes in the umbilical artery or middle cerebral artery. The mechanisms underlying IUGR are poorly understood, since there is much heterogeneity of disease etiology. In general, IUGR has been associated with 1) fetal etiologies, such as genetic abnormalities (syndromes, chromosomal abnormalities), 2) maternal factors (vascular disease, persistent hypoxia or undernutrition, and toxins), and 3) placental etiologies (10) . It is thought that 40% of birth weight is ascribable to genetic factors and that the remaining 60% is due to fetal environmental exposures. Therefore, it is clear that poor macronutrient provision modified by micronutrient supply to the fetus is a critical component in the pathogenesis of IUGR. Nutrient provision is largely dependent on availability of nutrients to the fetus via maternal circulation, and as facilitated by placental transport (9) . Adequate fetal growth is essential for later health and development, and therefore IUGR carries significant short-term and long-term morbidity and mortality. In the immediate postnatal period, newborns affected by IUGR are at significant risk for metabolic, hematological, immunological, and thermoregulatory abnormalities. In addition, there is an associated increased risk of respiratory distress (RDS), necrotizing enterocolitis (NEC), and cholestasis, conditions that require prolonged postnatal hospitalization and medical intervention. It is even more alarming to note that poor fetal growth also has been associated with adverse adult (and childhood) outcomes, including increased risk for Type 2 diabetes mellitus, cardiovascular disease, obesity, dyslipidemia, and metabolic syndrome (FIGURE 1). Other adverse sequelae include short stature, premature adrenarche, and impaired neurodevelopmental outcomes (84) .
Inadequate nutrient provision may alter fetal physiological processes through epigenetic mechanisms, leading not only to altered growth phenotype in the short term but also to dysregulation of metabolic and cardiovascular processes in adulthood when there is a mismatch between resources and programmed adaptations. It is clear from this growing body of evidence that the study of the pathophysiology underlying IUGR is essential to develop early screening of IUGR, therapeutic interventions for IUGR, and treatment strategies to mitigate risk for long-term consequences of IUGR. The purpose of this review is to 1) describe fetal glucose metabolism and insulin regulation in normal pregnancy and in pregnancies associated with IUGR, 2) describe the organ-specific postnatal effects of IUGR on glucose and insulin handling, 3) review existing evidence as to epigenetic mechanisms underlying developmental programming of adult disease in IUGR offspring, and, finally, 4) present potential therapeutic interventions to alleviate development of adult metabolic maladaptations.
Human and Animal Models of IUGR
Before review of the many studies conducted on glucose homeostasis in IUGR, it is important to note the key differences between the human condition and in vitro and in vivo models of fetal growth restriction. Human placental villous explants have been used to study the maternal-fetal interface to extrapolate selected aspects of pregnancy, such as trophoblast development and placental transport (97) . Primary cell culture, largely trophoblasts, has also be used to study cell function and placental modeling in vitro (64) . While these studies have the advantage of being speciesspecific, they are limited by their translatability to actual human disease, given that these employ isolated cells and structures maintained in artificial conditions to ensure cellular viability. The in vivo use of animal models allows for improved fidelity to the human condition, specifically as they better mimic the complexity of pregnancy and placental function (116) . There are several animal models of IUGR, and none of these models in isolation can faithfully recapitulate the multifactorial etiology thought to underlie human IUGR. As noted above, the primary cause of idiopathic IUGR in Western countries (not attributable to genetic or structural defects of the fetus) is placental insufficiency. Broadly, adequate provision of nutrients and oxygen to the fetus is dependent on multiple factors, including maternal and fetal blood flow, as well as structural and functional integrity of the placenta. The two most commonly employed broad categories of IUGR models in animals include 1) uterine artery ligation, which reflects an acute insult, and 2) nutrient restriction reflective of a chronic effect.
Uterine artery ligation has been shown in different species to result in fetal growth restriction (12, 32, 74, 115, 128) , and variations on this maternal intervention include arterial embolization (96) or radial artery diathermy in guinea pigs (123) . This model disrupts uteroplacental circulation, limiting their use in testing maternal therapies that target uterine blood flow or the placental barrier directly (116) . In addition, there is a more abrupt nature to this model of IUGR, which differs from the chronicity of the placental insufficiency seen in the human condition. This may limit the ability of these models to encompass the gestational timedependent nature of human IUGR. The other category of global intervention is maternal nutrient restriction. Based on studies from the Dutch famine of World War II, in humans, a major reduction (equivalent to 75% food restriction) in caloric intake is needed to influence fetal weight (ϳ300-g reduction in weight compared with siblings not born during the Dutch Hunger Winter) (85) . Generally, milder reductions in nutrient restriction have been shown to result in growth restriction in several animal models, including mice, rat, rabbits, and sheep (31, 55, 83, 91, 103) . Depending on the study design, nutrient restriction can refer to a global reduction in total caloric intake or to a restriction of specific nutrients, such as low protein or low sodium intake (4, 7). Other models have used manipulation of environmental conditions during pregnancy, such as hypoxia and hyperthermia, to produce fetal growth restriction (38, 71). The advantage of these models is the more chronic nature of insult, but effects on the fetus can vary widely, depending on species (hemochorial vs. epitheliochorial placentation) and gestational timing of the insult. Last, genetic models of fetal growth restriction have also been created, largely in the mouse, such as the IUGR seen resulting from knockout of insulin-like growth factor 2 (IGF2) (19) and more recently knockout of glucose transporter isoforms (42). While not the focus of this review, postnatal growth restriction has also been accomplished by maternal nutritional restriction during lactation (118) or creation and maintenance of a larger litter size compared with the normal counterpart (106) . Most often, postnatal growth restriction has been superimposed on intra-uterine growth restriction to mimic the real human condition where often fetal growth restriction is followed by postnatal growth restriction in some cases (poorly resourced regions and critically ill IUGR infants in the Western world), whereas others are exposed to unlimited availability of calorie-rich nutrients following IUGR (Western, well resourced regions, causing a mismatch between intra-uterine and postnatal environments).
Throughout our review, important consideration should be given to which model is used and whether its use appropriately frames the scientific question being asked and how the specific model affects applicability of findings to human disease. Animal models should be chosen with careful consideration of advantages and disadvantages, such as size, cost, length of gestation, litter size, and similarity to human placental and/or fetal physiology (116) .
Fetal Glucose Metabolism and Insulin Secretion

Glucose Handling and Insulin Secretion in Normal Pregnancy
Glucose serves as the main energy substrate for the developing fetus. Since the fetus does not endogenously produce glucose under normal conditions (28), maternal glucose must cross the placenta to become available as the exclusive fuel for fetal energy metabolism. At the endocrine level, maternal and fetal glucose availability are regulated largely by the hormone insulin and to some extent by counterregulatory hormones as well. During pregnancy, the mother develops insulin resistance with advancing gestation, which allows for increased glucose availability to the rapidly growing fetus, thereby ensuring the maintenance of a glucose gradient between the mother and the fetus. The higher level of circulating glucose in the mother is then passively transported to the fetus by facilitative diffusion mediated by various isoforms of a family of membrane-spanning proteins known as the facilitative glucose transporters (GLUTs) (67, 75) . The predominant isoforms expressed in the mammalian placenta are GLUT1 and GLUT3, present in polarized trophoblast cells (109) . Other isoforms (GLUT4 and GLUT12), while expressed, are mainly present in first trimester syncytiotrophoblasts (34, 35, 57). GLUT8, GLUT9, and GLUT10 also have been shown to be expressed in human placenta to a much lesser extent (8, 24, 29) . In humans, GLUT1 is expressed in high concentrations throughout pregnancy and is preferentially present in the maternal facing membrane of syncytiotrophoblasts to help maintain the glucose gradient (11, 22) . GLUT3 is most abundant in the first and second trimesters, found in both cytotrophoblasts and syncytiotrophoblasts, and has a higher affinity and greater transport capacity for glucose than GLUT1 (fivefold), although it is less ubiquitous than GLUT1 (21, 68). In murine studies, absence of either isoform results in early embryonic demise (GLUT1 ϭ e13, GLUT3 ϭ e6.5), and a 50% reduction in the protein expression of either of these isoforms results in mild fetal growth restriction or reduced adult body weight (42, 127).
While many hormones and growth factors act in concert to maintain euglycemia in the fetus, insulin serves as a major fetal growth potentiator. However, its mediator effect on placental glucose transport is controversial. Early in the first trimester of pregnancy, insulin stimulates glucose uptake in villous fragments (34). However, this effect disappears with gestational age, and with further study no significant effect is seen after 8 wk of gestation (34). While the use of isolated villous extracts was reasonable for the question being posed (the effect of local hormonal concentration on glucose uptake across the trophoblast layer), the effector concentrations used in the study were higher than physiological maternal and fetal plasma concentrations. This may or may not have been reasonable, since the differences between plasma and local placental hormonal concentrations are not precisely known. There is controversy over the effects of insulin on placental glucose uptake at term, with some studies demonstrating increased uptake and others demonstrating no effect (2, 15) . This is despite the presence of GLUT4, the insulin responsive glucose transporter isoform noted in placenta (70) , which is restricted mainly to non-trophoblastic cells. It has been proposed that the placenta's nutrient-sensing properties and adaptive abilities are mediated through the mammalian target of rapamycin (mTOR) signaling pathway. Insulin is one of the key positive regulators of mTOR, an atypical serine/threonine protein kinase located in trophoblast cells and integrating signals from both the maternal nutrient supply and the fetus's energy demands (9) . mTOR then mediates several downstream effects, the best characterized being protein transport via system A and system L amino acid transporters (104, 105) . More recently, mTOR has also been shown to regulate human placental GLUT3 concentrations (130) . Animal and human studies have shown that placental mTOR is decreased in human IUGR and in animal nutrient restriction models (41). These studies suggest that the placenta responds to nutrient availability by regulating its major nutrient sensor. However, other studies demonstrate that the placenta stimulates pathways besides mTOR, thereby compensating for suboptimal nutrient provision (86) . In conclusion, the fetal nutrient provision as mediated by the placenta is a complex system that acts to optimize in utero energy supply by balancing mechanisms of glucose, protein, and fatty acid transport (61, 75, 78) .
Within the fetus, insulin regulates glucose utilization and is produced in increasing amounts as gestation progresses. Fetal insulin secretion responds to glucose concentration changes contingent on absolute amount, duration, magnitude, and pattern of change (62). Glucose utilization in insulin-sensitive tissues (skeletal muscle, liver, heart, and adipose tissue) increases, especially during late gestation, resulting in exponential organ growth and thereby fetal growth. Insulin secretion is downregulated by constant hyperglycemia related to glucotoxicity of the fetal beta islet cells (13) but enhanced by pulsatile hyperglycemia that preserves the fetal islets (14) . Hypoglycemia leads to both decreased basal and decreased glucoseinduced insulin secretion (80) due to the lack of the glucose stimulus. Amino acid concentrations also regulate insulin secretion, but significant changes in concentration are required to elicit clinically relevant changes in fetal insulin concentration (56).
Alterations in Glucose Transport and Metabolism in IUGR
While fetal hypoglycemia has been associated with IUGR, there appears to be no change in GLUT1 transporter protein expression but rather a compensatory increase of GLUT3 in term human placentas associated with IUGR (70) . This is hypothesized to reflect increased placental glucose consumption at the expense of glucose availability to the fetus (68, 69) . However, other groups have shown no change in term human placental GLUT3 with IUGR pregnancies (72) . This variability in human studies suggests an association between the severity of IUGR encountered vs. the observed change in placental GLUT3 concentrations (increasing when mild and decreasing when severe, with no change reflecting an in-between situation). A similar situation with GLUT3 was described previously in chronic maternal hyperinsulinemic hypoglycemia imposed only during late gestation in sheep placenta (21), where mild IUGR was seen. Our own experiments in mice with 50% reduction in maternal diet spanning mid-to late gestation caused a 50% reduction in placental GLUT3 protein expression and glucose transporting function, with no such change in GLUT1 (41). These animal studies provide credence to the variability observed in human studies, supporting the role of gestational timing and severity of the condition on placental GLUT3 expression and function.
In a murine model of maternal nutrient restriction (80% of control diet), placental mRNA expression of GLUT1 at day 16 (term of ϳ21 days) was reduced by 17%, although at day 19 GLUT1 mRNA expression was significantly higher than in controls. Total glucose transfer as measured by unidirectional materno-fetal clearance of tracer glucose was not different at either time point (17). Another group demonstrated that, in multiparous ewes, 50% nutrient restriction during the first half of pregnancy resulted in increased placental GLUT1 mRNA and protein expression (86) . Recent work in a primate model, which demonstrates fidelity to the human in terms of reproductive biology and placental structure, demonstrated decreased GLUT1 protein expression in the maternal villous membrane at term after 70% maternal control diet conditions (73) . Glut4 protein expression appears similar in term placentas taken from normal and IUGR-associated human pregnancies (70), although it was only detected in very small amounts (72) . These studies collectively demonstrate that there is placental plasticity in response to altered maternal nutrient restriction but that, in these conditions, adaptations are sufficient for fetal survival but insufficient to prevent IUGR and that these changes are likely gestational period and severity related. This compensation to increase placental glucose availability serves to ensure fetal survival by ensuring placental maintenance but does not increase the overall glucose availability to the fetus, as evidenced by persistent poor fetal growth. Evolutionarily, the self-maintenance of the placenta is essential to protect downstream fetal survival, but at the expense of growth. While discrepancies in findings may be related to model-specific conditions (116) , the nutrient restriction during early vs. late gestation demonstrates enhanced compensation toward preservation of the feto-placental unit overall by increasing placental GLUT1 and GLUT3, and increasing severity of restriction even during late gestation, resulting in a reduction in placental GLUT1 and GLUT3 concentrations.
In human IUGR from placental insufficiency, diminished fetal insulin production in response to reduced fetal glucose concentrations is secondary to decreased pancreatic ␤-cell mass and impaired islet cell insulin secretion in response to exogenous stimuli (81, 82, 89, 92) . Fetal metabolic rate as measured by net fetal oxygen uptake or fetal glucose utilization rates, remains relatively constant despite significant decreases or increases in glucose supply (62). While this observation suggests a role for other substrates, glucose utilization on an individual organ or tissue basis may vary significantly in its responsiveness to glucose and insulin, as opposed to that of the whole fetus. Therefore, relative protection of energy substrate provision to one organ (the brain) at the expense of other organs may result in no detectable net change in metabolic rate and would be consistent with the asymmetric IUGR often seen in placental insufficiency. In addition, the mechanisms underlying altered glucose availability may be gestation timepoint specific. While there is evidence that placental nutrient transporters can be altered in early stages of gestation in response to maternal nutrient restriction (86) , and early gestation deficiencies of nutrient transporters (in knockout models) can be associated with congenital malformations (88) , it may be that fetal tissue glucose uptake rates and glucose transporters are affected more in late rather than mid-pregnancy, during the period of rapid fetal growth, which may help explain IUGR being characterized by late-gestation fetal growth deceleration. Therefore, we now review glucose transport, uptake, and metabolism on an organspecific basis.
The In Utero Organ-Specific Effects of Abnormal Glucose/Insulin Metabolism in IUGR
Human IUGR has been shown to be associated with chronic fetal hypoglycemia. In the face of chronic hypoglycemia, fetal tissues' capacity for glucose uptake and utilization increases in compensation (summarized in FIGURE 2). In animal models mimicking chronic hypoglycemia secondary to maternal insulin infusion, brain GLUT3 protein expression decreases, brain GLUT1 protein increases, and liver GLUT1 protein levels increase. There was no reported change in myocardial, skeletal muscle, or adipose tissue GLUT1 or insulinresponsive GLUT4 protein expression (23, 107, 108).
This tissue-specific effect may represent the relative fetal preservation of energy fuel to the brain across the blood-brain barrier over glucose utilization by somatic tissues such as the liver and other insulin-responsive tissues in the face of poor glucose provision. For example, acute hypoglycemia induced by insulin infusion in IUGR rats (due to bilateral uterine artery ligation) results in neuronal injury of the brain cortex but to a lesser degree than the injury encountered in response to insulininduced hypoglycemia in normally grown neonatal rats. No difference in brain GLUT1 or GLUT3 mRNA expression was evident between groups (87). Therefore, the IUGR rat pups are relatively protected against acute hypoglycemic neuronal injury. The limitation of this study stems from the lack of measurements related to substrate utilization by the brain.
As a major player in metabolic regulation, the study of the fetal liver in IUGR has also yielded evidence that organ-specific glucose uptake and production is regulated in a complex manner. Although fetal GLUT1 protein expression in the whole liver appears to increase in IUGR, this observation may actually reflect a parallel expansion in hematopoietic cell mass seen in IUGR (108) . The evaluation of GLUT transporter expression in whole fetal liver samples is limited by the differences in the function and location of the specific transporters, GLUT1 as the predominant fetal hematopoietic cellular isoform, whereas GLUT2 is the isoform found in fetal and postnatal hepatocyte cell membranes, responsible for glucose transport across hepatocytes (108) . GLUT2 protein does not change in IUGR fetal livers compared with controls, whereas GLUT1 increases as observed in the rat model (108) . Overall, there is no evidence that fetal hepatic glucose uptake is changed in IUGR.
However, it may be that hepatic glucose production is changed in the IUGR fetus. Throughout most of gestation, maternal glucose supply is sufficient for feto-placental utilization under normal conditions. In periods of stress, meaning several days of decreased materno-placental-fetal glucose supply, the fetus experiences sustained hypoglycemia and hypoinsulinemia, and may demonstrate endogenous glucose production (28). In most species, functional activity of the hepatic gluconeogenic enzymes begins to mature over gestation, supportive of the fetal liver being capable of producing glucose, should the situation demonstrate a need (36, 54). A recent study in fetal sheep demonstrated that IUGR fetuses have increased basal hepatic glucose production during late gestation, as measured by fetal hyperinsulinemic-euglycemic clamp study. Isolated IUGR fetal hepatocytes grown in culture maintained increased glucose production. Based on increased mRNA and protein expression of hepatic gluconeogenic gene expression (specifically PEPCK and glucose-6-phosphatase), a novel mechanism of persistent hepatic transcriptional activation in IUGR was proposed to be mediated by counterregulatory hormones (catecholamines and cortisol) but not suppressed by insulin (119) .
The effects of IUGR on insulin secretion in utero have also been characterized. The fetal pancreas begins to produce measurable insulin levels by mid-gestation, and there is a gradual increase of basal insulin concentration as gestation progresses to term (62). In human IUGR, glucose-stimulated insulin secretion is impaired, leading to delayed return to basal glucose levels (92) . Animal models of IUGR also consistently demonstrate impaired insulin secretion. In fetal sheep at 120 and 140 days gestational age exposed to placental restriction (induced by removal of endometrial caruncles from the uterus of non-pregnant ewes before mating), glucose-and arginine-stimulated insulin secretion FIGURE 2. Summary of overall and organ-specific glucose and insulin metabolism adaptations in IUGR, the fetus, and the adult Red coloring indicates finding in animal models of IUGR, and blue indicates findings in human IUGR studies. Discrepancies exist between human and animal studies, and among animal studies depending on experimental conditions. were impaired, although insulin sensitivity was unchanged (98) . The potential mechanisms underlying impaired insulin secretion include decreased ␤-cell mass and function (51). Severely IUGR human fetuses (Ͻ1.5 kg) demonstrate reduction in ␤-cell mass (124) . However, human studies utilizing less stringent criteria for IUGR in humans (Ͻ10% for birth weight) did not demonstrate differences in ␤-cell mass compared with AGA infants (6) . This discrepancy in human findings likely results from differences in cohorts studied. Animal models of IUGR demonstrating impaired insulin secretion have found associated defects in pancreatic ␤-cell expression of Pdx1, a transcription factor important for both early development of the pancreas as well as later differentiation of ␤-cells (30, 59, 114). Interestingly, an associated change in epigenetic modification at the proximal promoter region of Pdx1 has been identified in this animal model (112) , and similar epigenetic modifications have been observed at Pdx1 in islets from humans with Type 2 diabetes mellitus (131) . These findings may, in part, explain the decrease seen in ␤-cell mass. ␤-Cell dysfunction may result from decreased islet vascularity (60, 93), which may be associated with mitochondrial dysfunction (113) . The potential effect of IUGR on fetal pancreatic GLUT2 expression and function in the fetal pancreas requires further study, since GLUT2 is a bidirectional glucose transporter, essential in allowing free flow of glucose to the intracellular glucose-sensing mechanisms within ␤-cells. Further evaluation of how insulin secretion by the fetal pancreas is affected by GLUT2 as a mediator of glucose transfer to glucose-sensing cells in the pancreas is also warranted.
Postnatal Effects of IUGR and Potential Therapeutic Interventions
The fetal adaptations to suboptimal intrauterine nutrient provision have long-lasting implications to fetal health and persist postnatally into adult life. Overall, early postnatal life is characterized by enhanced insulin sensitivity, which then progresses to insulin resistance and altered glucose homeostasis in adults (98, 117, 120) . Glucose tolerance testing on IUGR rat pups at 2 days showed that they were glucose intolerant, had increased hepatic glucose production, and had increased glucose disposal compared with controls (48). IUGR juvenile sheep at 1 mo of age demonstrated impaired insulin sensitivity and mRNA expression of insulin signaling and glucose transporter genes in skeletal muscle but not in the liver (25). Insulin disposition indexes for glucose and free fatty acids were also increased in the young lamb and can predict both catch-up growth and early onset visceral obesity (26). At 15 mo, the IUGR male rat offspring with prenatal nutrient restriction demonstrated greater weight gain and hyperinsulinemia compared with age-matched counterparts exposed to both pre-and postnatal nutrient restriction. Additionally, visceral and subcutaneous adiposity accumulation was evident in the former group (48). Age-matched IUGR male rat offspring with both pre-and postnatal nutrient restriction were smaller and hypoinsulinemic, with no change in glucose tolerance, hepatic glucose production, or clearance (48). Further study into the potential therapeutic effect of postnatal calorie restriction in IUGR rat offspring showed that postnatal caloric restriction protects against ad libitum feeding and high-fat-diet-induced adult obesity, and normalizes whole-body insulin sensitivity and energy expenditure with increasing physical activity levels at 10 (45) and 17 mo of age (20). Thus postnatal catch-up growth superimposed on IUGR propagates detriment in the adult stages of development, setting the stage for chronic diseases.
Of note, in both human and animal studies, growth-restricted males seem to be at a relative disadvantage for adverse outcomes compared with females, in terms of both neonatal complications (111) as well as long-term outcomes. It is a recurring theme that females are protected from metabolic programming adaptations seen after adverse in utero exposures. This pattern holds true across risk for metabolic disease (122), hypothalamic energy balance (3), renal disease, and adult hypertension/cardiovascular disease (39) in fetuses exposed to adverse in utero environments, including placental insufficiency resulting in IUGR. The reasons for this sex-specific effect is unknown but has been proposed to result from sex-specific transcriptional and epigenetic regulation in the developing fetus, which may affect sex-determined response to adverse environmental conditions (76) . Anthropologically speaking, this female-sparing effect may serve to protect the postnatal survival of the sex that disproportionately carries the burden of reproductive survival. In addition, this protection may be hormonally influenced, and epidemiological data suggests that females born to mothers with preeclampsia are at risk for preeclampsia during their own pregnancies (129) . In addition, animal studies of female IUGR progeny are at increased risk of developing gestational diabetes. Furthermore, it is known that women with preeclampsia (hypertension and proteinuria) during pregnancy go on to be two to four times more likely to develop high blood pressure, heart disease, or stroke (5). It may be that hormonal changes during pregnancy create an imbalance that unmasks programming of cardiometabolic dysfunction and that, with time and aging, this propensity toward adult cardiovascular disease is even more evident. Future translational studies aimed at understanding the sex-specific effects of the interaction between early environmental exposures and programming of adult disease are essential.
Hepatic Glucose and Insulin Signaling
At the hepatic level, young sheep (at 30 days) did not have altered mRNA expression of insulin signaling and related genes but increased GLUT2 mRNA expression in males (25). Fifteen-month-old adult male rats who were IUGR were also found to be glucose intolerant, have reduced glucose-stimulated insulin secretion, have decreased total glucose clearance, but have unsuppressed hepatic glucose production. They also demonstrate increased liver GLUT1 protein expression compared with controls, suggestive of increased hepatic glucose uptake. Postnatal nutrient restriction in these IUGR rat offspring rescues glucose tolerance and hepatic glucose production, but with increased glucose-stimulated insulin secretion, glucose clearance rate, and hepatic GLUT1 protein expression (43). Using Affymetrix microarray-based expression profiling techniques, IUGR rats also subjected to postnatal caloric restriction demonstrated only seven genes that were differentially expressed in the liver at 15 mo of age, suggesting that the metabolic adult sequelae of IUGR that were also calorie restricted during postnatal life are not evident, being protective and thereby not transcriptionally mediated (37). These studies make it clear that hepatic glucose and insulin metabolism is affected via several pathways by both prenatal and postnatal nutrition, demonstrating the plasticity of the fetus and neonate toward adaptation in overcoming the dire environmental conditions. Thus an in utero to postnatal match in nutrition proves to be protective against cardiometabolic disorders. In contrast, a mismatch as seen with availability of normal nutrition (perceived as increased nutrition), which causes catch-up growth in the IUGR fetus, sets up an unhealthy trajectory.
Pancreatic Alterations in IUGR
Pancreatic ␤-cell mass has been reported as decreased in the rat IUGR male and female offspring (43). In IUGR offspring, pancreatic ␤-cell mass was decreased by 45% compared with offspring exposed to postnatal nutrient restriction, who demonstrated a 30% increase in pancreatic mass. Rats subjected to both pre-and postnatal caloric restriction had an 80% decrease in pancreatic ␤-cell mass (89) . In another rat model of IUGR with adult-onset diabetes, it appears that placental insufficiency leads to dysfunction of the electron transport chain in ␤-cells, leading to production of reactive oxygen species and loss of ␤-cell proliferation and impaired function (113) . In a sheep model of IUGR, pancreata collected from sheep as a lamb (42 days) and as a young adult sheep (age 556 days) showed that ␤-cell insulin secretory capacity is impaired in male sheep with aging, despite increases in ␤-cell mass (50).
Skeletal Muscle Insulin-Responsive Glucose Handling in IUGR
Since skeletal muscle is a key player in insulinresponsive glucose uptake, its role in glucose homeostasis is critical. Female IUGR rats have decreased skeletal muscle mRNA and protein expression and increased insulin-induced translocation of GLUT4 to the basal membrane in adulthood (118). Perturbations in kinase and/or phosphatase arms of post-receptor insulin-signaling pathways in skeletal muscle were seen in the female IUGR adult offspring, and were distinct from those in postnatally restricted IUGR offspring (95) . Skeletal muscle insulin-induced glucose uptake is enhanced in postnatal caloric restriction of IUGR offspring (20). In young sheep exposed to placental insufficiency, skeletal muscle mRNA expression of insulin signaling and related genes, such as INSR, IRS1, AKT2, and GLUT4, were reduced in females (25) and correlated with decreased whole-body insulin sensitivity. Other endocrine and metabolic pathways regulated at a skeletal muscle level may also be affected in IUGR as an adaptation to altered glucose handling. Yates et al. demonstrated adaptations in skeletal muscle adrenergic receptor expression profiles in IUGR sheep fetuses, which may act to suppress insulin signaling, muscle fiber hypertrophy, and therefore glucose oxidation (132) . Overall, these studies suggest poor insulin-responsive glucose uptake by skeletal muscle in IUGR.
Adaptations in Adipose Tissue in IUGR
GLUT4 is the main glucose transporter found in adipose tissues and is generally regulated by insulin and is responsible for insulin-regulated glucose storage. The mRNA and protein expression of white adipose tissue GLUT4 in adult female IUGR rats is unchanged from controls (118), implying that, despite alterations in the in utero metabolic milieu, adipose tissue preserves insulin responsiveness and absorbs postprandial glucose not efficiently utilized by skeletal muscle. In male 10-mo-old adult rats exposed to prenatal caloric restriction, visceral and subcutaneous white adipose tissue mass was increased, as measured by abdominal computed tomography (45). At 15 mo of age, fatty acid transport protein-1 (FATP-1), peroxisomal proliferator-activated receptor-␥ (PPAR␥), resistin, and visfatin mRNA expression were increased in IUGR (43). Taken together, this profile of gene expression re- flects an obesogenic phenotype, as FATP1 and PPAR␥ mediate fatty acid synthesis in adipose tissue, and resistin and visfatin are adipokines that mediate the development of obesity and insulin resistance (43). However, further study assessing the functional change in white adipose tissue glucose storage in IUGR offspring would strengthen these findings further.
Cardiovascular Sequelae of IUGR
As IUGR offspring are also at risk for cardiovascular disease, it is interesting to note the effects of IUGR on cardiac structure and glucose handling. Induction of diabetes in IUGR rat offspring at 24 wk of age resulted in cardiac hypertrophy 8 wk later, characterized by posterior wall thickening and ventricular interstitial fibrosis. While this effect was also seen in non-IUGR rats, the effect was greatest in the IUGR diabetes-induced group (79) . As measured by protein expression of glucose and fatty acid transporters, female IUGR offspring demonstrate resistance to insulin-induced translocation of several macronutrient transporters in the heart but overall increased expression of these proteins in the basal state (1). We have also previously demonstrated enhanced atherosclerotic patches in IUGR adult male mouse offspring associated with higher circulating cholesterol concentrations (7) .
These studies highlight the importance of further work to understand the effects of metabolic reprogramming in IUGR offspring as related to cardiovascular disease such as myocardial infarction and its associated complications. In addition, evaluation of myocardial glucose and energy substrate handling in response to stress, aging, and worsening metabolic disease in the IUGR population may demonstrate dysfunction not seen at basal, normal healthy conditions but surface after certain unhealthy life style choices. Thus lifestyle interve ntions can prevent the development of cardiometabolic disease.
Endocrinological Axes Affecting Glucose and Insulin Homeostasis in IUGR
Pre-and postnatal growth restriction may affect other endocrine axes. In a twin-sheep model of 40% maternal caloric restriction during late gestation (day 110 until term, ϳ147 days), IUGR offspring raised in a low-activity obesogenic environment had enhanced postnatal growth as well as insulin and leptin resistance. In addition, this group demonstrated raised cortisol levels and increased gene (mRNA) expression for glucocorticoid sensitivity in the hypothalamus. These findings were attenuated in the IUGR offspring raised in a standard post-weaning environment (27). (We review the hypothalamus and leptin pathway specifically in further detail below.) In IUGR rat offspring exposed to a high-fat diet after weaning, they demonstrated normal serum glucose levels, and lower serum levels of adrenocorticotrophic hormone and corticosterone. However, after unpredictable chronic stress, they had significant elevations of glucose, ACTH, and corticosterone and decreases in insulin levels (133) . In addition, in IUGR rats, adipose deposition is dysregulated in males and may be accompanied by proinflammatory signals such as TNF-␣, which is known to impair insulin signaling. A recent study has implicated TNF-␣ in the activation of the unfolded protein response and the impairment of glucose tolerance in IUGR rats (102) . We have also previously observed perturbed TNF-␣ activation in the liver of IUGR rat offspring compared with controls (33). Again, these studies demonstrate that various stressors may uncover developmental programming of metabolic derangements and may also help to explain the propensity for inflammatory diseases seen in the IUGR offspring.
Hypothalamus and Energy Balance in IUGR
IUGR specifically affects the hypothalamus and centrally mediated energy balance. Energy balance is regulated by circulating leptin concentrations in combination with the hypothalamic leptin receptor-signaling pathway. Leptin signaling overall enhances anorexigenic neuropeptides and suppresses orexigenic neuropeptides. Both male and female rat IUGR offspring are hypoleptinemic on postnatal day 2, but females demonstrate evidence of leptin resistance, whereas males demonstrate leptin sensitivity. At postnatal day 21, this sexspecific effect in leptin resistance and sensitivity is persistent, although males are now euleptinemic and females are hyperleptinemic. Postnatal growth restriction abolishes this sex-specificity, overall favoring hyperphagia and diminished energy expenditure post-weaning (110) . However, leptin replenishment during this early postnatal period overall restores leptin sensitivity by reversing the hypothalamic orexigenic-to-anorexigenic neuropeptide ratio, as mediated by the STAT3 signaling arm of the hypothalamic leptin receptor pathway (53). Again, the differential sex-specific effects on leptin regulation and adiposity likely result from the thematic pattern in developmental programming that emphasizes the timing of in utero insult during different critical windows of development and the differential effects on males and females (65) . Overall, these studies highlight the important effects IUGR has on the hypothalamus and energy balance, which has implications for adult energy expenditure, satiety, and risk for obesity.
Brain and Neurodevelopmental Changes in IUGR
In a rat model of IUGR induced by uterine artery ligation, fetal body weight was decreased by 25% but was not accompanied by a significant change in fetal brain weight. GLUT1 protein levels in the brain were increased ϳ45% in fetal brain, and this change was persistent through postnatal day 21 (107) . This compensation in GLUT1 levels may represent a brain protective effect that persists postnatally. However, while the brain weight is preserved in IUGR, its vulnerability to insult may be altered. Compared with control rat pups, IUGR rat pups exposed to perinatal hypoxia by placing maternal rats in 14% FI O 2 3 h before delivery demonstrated increased cerebral apoptosis (77a). These findings are important to note, since human IUGR fetuses are also at particular risk for preterm delivery and exposure to perinatal stress, and hypoxia is not well tolerated (90) .
While several of the aforementioned studies demonstrated the protective effect of postnatal nutrient restriction against metabolic derangements, there are concerns on the effect of postnatal nutrient restriction on brain development. Epidemiological studies have associated early nutrient restriction to depression and schizophrenia (58). Rat pups exposed to late gestation 50% in utero nutrient restriction and then fostered by 50% food-restricted lactating mothers demonstrated decreased CSF glucose and lactate levels, and increased ketone levels at postnatal day 21 in suckling and postnatal day 50 post-weaned stages. Postnatally restricted offspring also exhibited anxiety but had no indicators of social or cognitive impairments. Interestingly, female offspring with postnatal caloric restriction demonstrated increased brain GLUT1 and GLUT3, increased brain-derived neurotrophic factor, and reduced GLUT4 protein expression. Aging female offspring expressed reduced brain protein levels of IRS-2, pAkt, and pGSK-3␤, and higher glial fibrillary acidic protein, spinophilin, and amyloid-␤42 (121) . These findings are concerning since they demonstrate the effect of postnatal nutritional restriction on neurobehavior and possible predilection for adult neurological disease, and again highlight the importance of monitoring sex-specific effects. Thus postnatal growth restriction, while proving protective of cardiometabolic disorders, is detrimental toward neurodevelopment.
Other Proposed Therapeutic Interventions for IUGR Metabolic Derangements
Given the neurological concerns with postnatal caloric restriction, the pursuit of other avenues for mitigating risk for metabolic derangements in IUGR is necessary (summarized in FIGURE 3 ). Peroxisome proliferator-activated receptor-␥ (PPAR␥) is predominantly expressed in white adipose tissues, and its activation regulates the expression of multiple genes important in glucose and lipid metabolism. The thiazolidinediones, a class of antidiabetic drugs, are thought to activate PPAR␥. Therefore, the study of the therapeutic effect of PPAR␥ in IUGR offspring has shown that early introduction of an PPAR␥ agonist improves skeletal muscle insulin signaling to increase GLUT4 membrane association in muscles (94) . Two-month-old female rats subjected to prenatal IUGR and treated with a PPAR␥ agonist had increased subcutaneous white and brown adipose tissue, decreased hepatic glucose production, and improved glucose tolerance with lower glucose-stimulated insulin release compared with placebo IUGR rats (47).
Other therapeutics with metabolic effect, such as growth hormone and IGF-1, have also been studied. Adult growth hormone treatment in IUGR rats resulted in attenuation in obesity and reduced hypertension (125) . The proposed mechanism for this effect is via the regulation of IGF-1 by growth hormone. The same group demonstrated that IGF-1 treatment also reduces hyperphagia, obesity, and hypertension in a rat model of IUGR-induced adult metabolic disease (126) .
Administration of exendin-4, an agonist of glucagon-like peptide-1, to growth-restricted lambs in the neonatal period increased glucose-stimulated insulin secretion and reduced visceral fat accumulation (52). In rat models of IUGR, exendin-4 treatment during the neonatal period also appears to successfully prevent the development of diabetes by preventing hepatic insulin resistance (100, 114). It appears that exendin-4 treatment in these rats may modify histone acetylation activity via regulation of the Pdx1 proximal promoter, leading to overall increased Pdx1 transcription in islets (40a). Therefore, targeting mediators of glucose handling pathways may attenuate downstream effects of chronic hyperglycemia and insulin resistance, as well as associated morbidities. Even more interestingly, further studies of how these therapeutic interventions may restore expression of glucose handling regulators via epigenetic mechanisms could play a critical role in mitigating the development of adult disease. However, a cautionary note in translating these findings to human infants exists. Most drugs have major side effects that may last a lifetime and are concerning when they are administered during the early neonatal period.
Lifestyle interventions such as exercise also have potential for improving metabolic consequences of IUGR, as has been shown in a few human cohorts (49). The studies evaluating changes of skeletal muscle expression of enzymes important in glucose metabolism in IUGR animal models have yielded mixed results. Exercise does appear to normalize PKC and, consequently, GLUT4 protein expression (66) . Early exercise regimens that were moderate in nature introduced in pregestational female offspring exposed to IUGR improved hepatic glucose-stimulated plasma insulin response and hepatic glucose production. However, the exercise regimen improved insulin responsiveness of skeletal muscle GLUT4 translocation only in exercised rats that were IUGR but had a detrimental effect when the IUGR offspring was also exposed to postnatal caloric restriction (46), collectively suggesting that the protective effect of exercise may actually act through hepatic adaptation, as opposed to improved skeletal muscle glucose handling. In another rat model of exercise from 20 to 24 wk of age in IUGR offspring resulting from bilateral uterine artery ligation, ␤-cell mass was restored to normal, and first-phase insulin secretion was improved (77) . In conclusion, although exercise does appear to have protective effects against the metabolic consequences of IUGR, there is significant variability in the effects and mechanistic pathways identified. This variability may be dependent on several factors, including the amount, type, and age at which exercise regimens are instituted (49). More importantly, while useful in the IUGR infant, exercise can have a detrimental effect in IUGR infants who are also postnatally growth restricted. Thus this distinction must be made in the clinical arena by pediatricians and internists. 
Evidence of Epigenetic Mechanisms Underlying Developmental Programming of Metabolic Disease in IUGR Offspring
It has been observed in large epidemiological studies that not only do IUGR offspring suffer increased risk of adult metabolic disease, but they also pass these phenotypes of aberrant glucose/insulin homeostasis on to their own offspring. In fact, while the male IUGR offspring develop glucose intolerance and obesity, the female IUGR offspring demonstrate gestational diabetes in the form of glucose intolerance (117) , propagating the effects of an altered in utero metabolic environment on the next generation. In a rat study using embryo transfer to control for gestational environment, female F2 rats procreated by F1 pre-and postnatally nutrientrestricted mothers but gestating in control mothers demonstrated features of metabolic imbalance. Although the F2 IUGR had the same birth weight and postnatal growth patterns as control F2 offspring, they had increased hepatic weight, fasting hyperglycemia, and hyperinsulinemia, and unsuppressed glucose production. In addition, they had increased skeletal muscle total GLUT4 and pAkt concentrations but decreased membrane-associated GLUT4 and pPKC enzyme activity (117) . This study elegantly demonstrates that the intergenerational inheritance of abnormal glucose and insulin metabolism and skeletal muscle insulin signaling is independent of immediate intrauterine environment. It is important to note that, in contrast, embryo transfer of F2 embryos from F1 mothers simply exposed to postnatal calorie restriction did not show similar findings (44), supporting the role for the intrauterine environment in modifying the heritability of metabolic phenotypes.
These intergenerational effects may result from epigenetic modifications induced by nutritional (environmental) stressors. In humans, study of individuals prenatally exposed to famine during the Dutch Hunger Winter in 1944-1945 had less DNA methylation of the imprinted IGF2 gene compared with their unexposed, sex-matched siblings (63) . This study was among the first to empirically support the hypothesis that early life environmental conditions cause persistent epigenetic changes. However, there are several important limitations to note in these studies, including the samples used and the statistical analysis of methylation changes. Changes seen in DNA methylation were small, and it is unknown what the functional implications are of a 5% change in DNA methylation. Additionally, the samples analyzed were whole blood, which includes a mixed population of cells, which raises the question of how applicable the findings are to human disease. However, the subsequent use of animal studies do provide further evidence for the in utero effects on epigenetic modification. The decline in skeletal muscle GLUT4 mRNA and protein concentrations seen in rat and human IUGR may be transcriptionally regulated through histone modifications. Deacetylation and dimethylation of specific amino acid residues in the NH 2 -tail of histone 3 of skeletal muscle GLUT4 promote corepressor complex formation to collectively decrease Glut4 transcription (101) . In the pancreas, PDX1 (pancreatic and duodenal homeobox 1) is a transcription factor critical for ␤-cell function and development. In IUGR rats, Pdx1 transcription is reduced, and there are associated epigenetic changes at the promoter (histone modification in late fetal and early postnatal life, and then DNA methylation changes in adulthood) (99) .
In addition, IUGR mice demonstrate decreased global placental methylation and sex-specific changes in methylation that are more pronounced in the male offspring. Specific genes are also differentially methylated in IUGR, including microRNAs targeting genes important in metabolic, cardiovascular, neurological disease, as well as genes responsible for transplacental nutrient transfer (16) . Since placental GLUT3 mRNA expression is decreased by 50% when associated with IUGR murine fetuses, DNA methylation of a CpG island ϳ1,000 base pairs upstream of the transcription start site of the Glut3 gene was noted, and by chromatin immunoprecipitation assays, enhanced MeCP2 binding at this site was noted to enhance histone deacetylase 2 recruitment, which interfered with Sp1 transcription factor binding. This change in DNA-nuclear protein association is perhaps responsible for decreased placental GLUT3 mRNA expression (40) and function (41). Taken together, these studies arm healthcare providers with evidence that the effects of IUGR are intergenerational and that the perinatal period is especially vulnerable to the effects of environmental input on later health and disease.
Future Directions
While the mechanisms behind the development of IUGR are being uncovered, the ability to project the development of IUGR is lacking. The only therapy available in the human is delivery of the IUGR infant based on achieved gestational maturity. This crucial intervention prevents intra-uterine demise and stillbirth. However, at times, delivery of the fetus is not plausible if fetal immaturity precludes extra-uterine survival. It therefore becomes essential to develop biomarkers that can accurately predict the development of IUGR and future chronic diseases, so that interventions can be developed, once recognized. Non-invasive modalities, which range from imaging techniques to "-omics," are essential in determining the signatures predictive of IUGR. More importantly, development of pure cellular isolation methodology is essential if "-omics" is to be useful in clinical diagnosis.
While human studies are necessary both prenatally and during infancy (What is the ideal nutrition that prevents catch-up growth but maximizes the neurodevelopmental potential?), studies in vivo should continue to require animal models that will help in technology/methodology development and in establishing cause-and-effect associations. Animal models should continue to define our ability to undertake life-course and inter-generational studies at the present time. In both cases, prevention of premature aging with the earlier appearance of chronic disorders is essential toward preserving the life expectancy and productivity of IUGR infants similar to their normally grown counterparts.
Conclusions
In conclusion, intrauterine growth restriction results in altered in utero handling of glucose and regulation of glucose metabolism via insulin secretion. These adaptations result in generalized hypoglycemia in the fetus but also affect multiple pathways perturbing glucose homeostasis. Multiple organs, including the brain, liver, skeletal muscle, and pancreas, adapt in different ways to survive in the face of altered nutritional supply, resulting in a compromise to achieve optimal fetal growth. The reprogramming of these pathways may prove to be maladaptive in later life, when resources are more abundant, resulting in a glucose-intolerant phenotype. In animal models and human studies, there is evidence that this metabolic phenotype is intergenerational across generations, and programming of adult disease may result from epigenetic modifications. Several interventions, both lifestyle and drug-related, have been proposed to act on these affected pathways to protect the IUGR offspring from adverse metabolic consequences. More studies are needed to optimize these interventions and to carefully uncover and weigh unintended consequences of these treatments. Most importantly, a balance must be struck while preventing long-term metabolic consequences of IUGR, so that postnatal or other nutrient supply to the developing brain is not compromised. This balance may be achieved by encouraging postnatal catch-up growth in moderation, not to exceed the limits of convention by encroaching into the pre-obesogenic state. Ⅲ 
